The structure of a highly active pyridine-alkoxide iridium water oxidation catalyst (WOC) is examined by X-ray absorption spectroscopy (XAS). A detailed comparison with IrO 2 points to a rigid molecular unit of low nuclearity, with the best analysis suggesting a novel tetrameric iridium-oxo cubane as the resting state.
The water oxidation reaction continues to present a major challenge for the efficient transformation of renewable electricity into chemical energy. 1, 2 Although a number of well-defined molecular precursors to highly active water oxidation catalysts (WOCs) have been developed, 3, 4 there still is a distinct lack of structural and electronic insight into their reaction intermediates. This often hampers the rational development toward improved systems that meet the robustness and stability requirements for practical applications. To date, commercial electrolysers thus exclusively employ heterogeneous metal oxide anodes, with amorphous iridium oxy-hydroxide still standing as the most active and durable WOC material known. 5 A number of recent X-ray absorption spectroscopy (XAS), X-ray photoelectron spectroscopy (XPS), UV-vis spectroscopy, and electrochemistry studies of IrO x surfaces under working conditions consistently suggest Ir III -Ir IV -Ir V redox cycles across two neighboring metal sites to effect the four-electron oxidation of water to O 2 . [6] [7] [8] [9] [10] [11] The geometry of rutile IrO 2 suggests this to be possible through a ''diamond core'' bis-m-oxo unit, a structural feature that is also found in many other WOCs based on manganese, 12 ruthenium 13 and cobalt oxides, 14 including the active site of the natural oxygen-evolving complex (OEC) in photosystem II. 15 Over the past decade some highly active molecular Ir-based WOCs have been developed, 16 though some have been shown to rapidly transform into IrO x nanoparticles in situ. 17 Strongly binding and oxidatively robust ligands (such as pyridinealkoxides 18 ) however yield highly active WOC solutions that are fully homogeneous. 19 After activation 20 these can even be grafted onto conducting metal oxides as molecular monolayers to yield exceptionally efficient and durable anodes for electrochemical water oxidation. [21] [22] [23] Although a number of spectroscopic features have been analyzed, 24 the exact molecular structure of these highly active catalysts has not yet been elucidated. A previous study of a pyridine-alkoxide ligated Ir WOC using high-energy X-ray scattering (HEXS) analysis and density functional theory (DFT) modelling suggested a mono-m-oxo Ir dimer as the resting state of the activated catalyst, 25 and in the following a series of coordinately saturated mono-m-oxo dimers with two pyalk ligands per iridium centre have been synthesised. 26 These intriguing model compounds allowed the direct characterization of higher valent states not observable in the parent catalyst bearing one pyalk ligand per metal, but the question how relevant the mono-moxo motif to catalysis is remains. Here we present our results from a detailed X-ray absorption spectroscopy study of a molecular Ir-pyalk WOC in solution that provide strong evidence for bis-moxo units in dimeric and tetrameric species as the resting state of the catalyst.
XAS has been successfully employed in several cases to gain structural insight into functional WOCs, including the CaMn 4 oxo-cubane OEC in PSII, 27 CoO x films 14, 28 and molecular Ru WOCs immobilized on surfaces. 29 Here we investigated the activated form of [Cp*Ir(dimethyl-pyridinealkoxide)Cl] obtained by stirring with 50 equivalents of NaIO 4 in water at room temperature for 16 hours (termed Ir-pyalk WOC), conditions which have previously been shown to yield a homogeneous iridium species without any bound Cp* but retaining the pyalk ligand. 19, 24, 30 XAS measurements were performed directly on freshly prepared 5 mM aqueous solutions, and on cellulose pellets of the dark blue solid obtained after slow evaporation of these solutions to dryness (yielding identical spectra). Reference samples of Ir 0 (metal foil), Ir I ([Ir(cod)Cl] 2 ), Ir III ([Cp*Ir(pyalk)Cl] and [Cp*Ir(H 2 O) 3 ]SO 4 ), and Ir IV (Na 2 [IrCl 6 ] and IrO 2 ) were measured as standards for the different metal oxidation states. The XAS data was collected at the SuperXAS beamline at the Swiss Light Source and B18 at the UK Diamond Light Source at the iridium L 3 edge at 11-12.5 keV in fluorescence mode.
The comparative XANES of the reference samples ( Fig. 1 ) showed a general trend of increasing white line intensity with increasing oxidation states. This is expected due to the Ir L 3 edge X-ray absorption constituting an allowed 2p -5d transition, where the intensity increases in higher oxidation states as more states become available in the 5d orbitals, but shielding dampens the effective nuclear charge so that transition energies are not systematically affected by the oxidation state. 31, 32 The Ir-pyalk WOC sample in question having very similar XANES to that of IrO 2 suggested the catalyst to rest in the Ir IV oxidation state, consistent with its characteristic blue color and previous XPS analysis. 24 Analysis of the extended X-ray absorption fine structure (EXAFS) however revealed distinct differences in their respective structures. Fig. 2 shows an overlay of the FT-EXAFS spectra of the IrO 2 reference and the Ir-pyalk WOC sample, revealing a similar first coordination shell (blue shaded section) but major differences in the longer-range order between the two samples (green shaded section).
The best fit parameters for the IrO 2 EXAFS spectrum showed the first coordinating shell around 2 Å to consist of six bridging oxygen atoms with a uniform Ir-O bond distance of 1.98 Å ( Table 1 ). The similarity of the first shell between IrO 2 and Ir-pyalk WOC suggests a similar direct bonding environment to be present in the Ir-pyalk WOC sample (i.e., six low Z atoms around 2 Å). The analysis of peaks 42.5 Å of the IrO 2 spectrum required defining each single contribution from the overlapping multiple backscattering pathways. These multiple scattering pathways are particularly prevalent in rigid, ordered structures such as crystalline metal oxides, but are known to be difficult to resolve for iridium due the absence of characteristic high amplitude peaks around 3 Å in the Fourier transform. 33 A comprehensive fitting analysis yielded optimum parameters indicating two neighboring Ir atoms at 3.11 Å and eight Ir atoms at 3.52 Å ( Table 1 , Table S1 and Fig. S2 , ESI †), fully consistent with XRD results. 34 To fit and compare the FT EXAFS spectrum of the Ir-pyalk WOC three structural motifs were investigated: a flexible monom-oxo dimer (1), 25 a more rigid bis-m-oxo dimer (2), 24 and a more extended ''dimer of dimers'' bis-m-oxo cubane (3) ( Fig. 3 and Table 1 ).
The bis-m-oxo dimer structure 2 gave a high statistical fit for a short Ir-Ir distance of 2.97 Å with two bridging oxygen atoms, distinctly shorter than the 3.11 Å found in the ''diamond core'' of IrO 2 by XAS (Table 1 ) and XRD. 34 This contraction mainly originated from coordination of the chelating pyalk ligand, and not from a switch to m 2 -O from m 3 -O in IrO 2 (see also discussion of 3 below). With the four terminal N/O ligands from the pyalk ligand and coordinated water molecules forming the second shell, a good statistical fit with an R fac (measure of fit accuracy, see ESI †) of 0.006 was obtained for 2 ( Fig. 4 and Table S2 , ESI †). All attempts to fit the flexible mono-m-oxo dimer 1 25 to our EXAFS data yielded much poorer statistical fits of R fac = 0.014 or higher. This arises due to the inclusion of a substantially increased Ir-Ir distance of 3.56 Å originating from the mono-moxo unit. We found this to be incompatible with our EXAFS data showing that the Ir-Ir distance must be less than 3 Å, which cannot be obtained with a single oxo bridge between the metals. 35 On the other hand, the even more rigid cubane structure 3 with three Ir contributions maintained the same Ir-Ir distance as found in 2, with the remaining three N/O ligands moving to a shorter distance of 2.06(2) Å (Table S3 (ESI †) and Fig. 4 ). This arrangement provided an even better fit with a global R fac of 0.001, showing excellent agreement with the EXAFS data out to k ranges beyond 10 Å À1 (Fig. 4) .
Inspecting the individual pathway contributions in the best fit analysis between structure 3 and 2, only in the cubane structure 3 did the higher Ir coordination number adequately fit the shoulder peak contribution at 3.0 Å in the imaginary part of the Fourier Transform (Fig. S6, ESI †) . In the dimer model 2 the Ir-Ir shell cannot fully reproduce this peak, requiring a shift to higher distance for the ligands to compensate, thus degrading the overall fit ( Fig. S6, ESI †) . This is indication that a nuclearity greater than two is present in the majority of the sample, with the best fitting analysis suggesting a neighboring iridium number of three as in the cubane structure 3. Indeed, setting the Ir-Ir coordination number as a floating variable, the fitting optimization converged to an average of 2.6(4) neighboring Ir atoms. In addition, literature XRD data 36 are in good agreement with the Ir IV -N/O distances of 2.05 Å found in 3.
Comparing structures 2 and 3, the cubane differs in the reduction of terminal ligand sites from four to three, a shortening of Ir-N/O distances from 2.51 Å to 2.04 Å, and an increase of neighboring Ir atoms from one to three in the tetranuclear oxo-cubane. This provided a superior statistical fit with realistic bond distances for structure 3 even compared to the good fit for structure 2. This analysis shows both bis-m-oxo dimers and tetramers to be viable possibilities, with the EXAFS fit indicating an oxo-cubane type 'dimer-of-dimer' structure 3 to be the most realistic structural representation of the resting state of the activated Ir-pyalk WOC in aqueous solution.
We have provided a detailed structural analysis of a prominent molecular WOC through iridium L 3 edge XAS. The results find mono-m-oxo linkages to allow too much flexibility and induce too large Ir-Ir distances to be compatible with experimental EXAFS data of the resting state of the activated catalyst, suggesting that such species may not be relevant to water oxidation catalysis. 35 Our analysis points to more compact and rigid bis-m-oxo linkages in oxo-cubane 'dimer-of-dimers' as the key structural feature in these highly active and durable WOCs. Similar metal-oxo cubanes have been shown to feature in a number of WOCs based on other transition metals such as Mn, Co, and Ni (including the natural OEC in PSII), 27, 37 and their unique robustness and redox chemistry may represent a common design criterion allowing for high activity and stability in the demanding 4-electron oxidation of water. Importantly, a pyalk-modified bis-m-oxo Ir 4 O 4 cubane would be consistent with previously reported characterization data including 17 O NMR, EPR, UV-vis and resonance-Raman spectroscopies, 24 and shed new light on the mode of surface binding of these catalysts. [38] [39] [40] However, we caution that the kinetic role of such tetrameric resting states will have to be clarified prior to mechanistic interpretations. Recently a half order in [Ir] on the rate of O 2 evolution has been found for a range of pyalkligated Ir WOCs using NaIO 4 , implying a dominant dimeric resting state liberating small amounts of active monomer into the catalytic cycle. 41 In light of the present findings this could mean a tetramer-dimer, or tetramer-dimer-monomer equilibria to be operational instead. Ascertaining how many metal sites are involved in the turnover-limiting step will be important for deciphering the workings of these highly active catalysts.
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